Summary. The relationship of oxygen free radicals to corpus luteum function in rabbits was explored during various stages of pseudopregnancy, including natural and induced luteal regression. Induced luteolysis was achieved during mid-pseudopregnancy by removal of an oestradiol capsule placed at the onset of pseudopregnancy, which suppressed ovarian oestradiol production. Activity of manganese superoxide dismutase (Mn SOD) was significantly and positively correlated with ovarian progesterone production (P < 0\m=.\01)throughout pseudopregnancy and during natural regression. Oestradiol deprivation for 12, 24 or 72 h resulted in declines in Mn SOD activity and progesterone secretion, although Mn SOD rose and corpus luteum steroidogenesis was restored to normal when the capsule was replaced for 48 h before assessment, having been removed for 24 h. Lipid peroxide and progesterone concentrations were not correlated, although a significant rise in lipid peroxides in the luteal tissue was detected after deprivation of oestradiol for 72 h. Changes in progesterone production and Mn SOD activity were not associated with alterations in concentration of prostaglandin F metabolite. These data suggest that Mn SOD may be involved in regulating function of the corpus luteum during pseudopregnancy in rabbits and that oxygen free radicals may play a role in regression of corpus luteum in this species.
Introduction
Although ovarian function in pseudopregnant rabbits has been well characterized (Dharmarajan et ai, 1989; Holt, 1989) , the regulatory factors that influence growth, hormone production and regression of the corpus luteum remain to be clarified. Oestradiol is the primary luteotrophin in intact and hypophysectomized pseudopregnant rabbits; progesterone secretion declines dramatically when oestradiol support of the corpora lutea is withdrawn (Bill & Keyes, 1983; Dharmarajan et ai, 1991) . The mechanism for this induced, premature regression of luteal function is not understood; recent data suggest that prostaglandins are not directly involved (Dharmarajan et ai, 1989) , but there is increasing evidence from studies in rats that an accumulation of toxic metabolites of oxygen may be associated with luteolysis (Behrman & Preston, 1989 ; GatzulÍÉ>?o!/., 1991; Riley & Behrman, 1991; Sawada & Carlson, 1989 .
Reprint requests. tPresent address: Department of Obstetrics and Gynecology, Ogikubo Hospital, Suginami-ku, Tokyo 167, Japan.
An in vivo examination of the role of reactive oxygen species in cellular events is severely compromised by the extremely short half-lifes of these metabolites. One indirect approach fre¬ quently used to characterize free-radical mechanisms in physiological processes is to measure the highly specific inhibitor of the Superoxide anión, Superoxide dismutase (SOD). Superoxide dis¬ mutase is thought to be induced by reactive oxygen species (Dryer et ai, 1980) and has been histochemically localized in rat ovary where it may play a role in regulating luteal function (Laloraya et ai, 1988) .
Few data have been published concerning the ovarian action of Superoxide radicals in species other than rat, although one recent study in rabbits clearly demonstrated a role for Superoxide in the mechanical process of ovulation (Miyazaki et ai, 1991) . The objectives of this investigation were to determine whether oxygen free radicals are involved in the regulation of the function of the corpus luteum in rabbits during pseudopregnancy and to assess the hypothesis that oestradiol influences luteal function by directly or indirectly promoting the production of free-radical scavengers. Corpus luteum SOD activity and lipid peroxide concentrations were measured and correlated with progesterone production at several points during the natural lifespan of the corpus luteum in pseudopregnancy. Because of its physiological role in the process of ovulation and cor¬ pus luteum regression in many animals, prostaglandin production was measured concurrently. The known requirement of oestradiol support for functional maintenance of the corpora lutea allowed for the development of an in vivo model to assess the effects of acute shifts in concentration of circulating oestradiol on production of free-radical scavengers during mid-pseudopregnancy.
Materials and Methods

Animals
Sexually mature New Zealand White female rabbits with a mean weight of 40 kg were used. The animals were caged individually for a minimum of 3 weeks under controlled light and temperature and given free access to water and Purina Rabbit Chow (Ralston-Purina Co., St Louis, MO, USA). Pseudopregnancy was induced by adminis¬ tration of human chorionic gonadotrophin via marginal ear vein (hCG, 100 iu; Pregnyl: Organon, Inc., West Orange, NJ, USA). The day of hCG injection was considered day 0 of pseudopregnancy. The selection of days of pseudopreg¬ nancy for study was based upon previous observations that progesterone secretion increases after administration of hCG to reach a maximum on day 11 and then declines to day 1 rates by day 18 (Dharmarajan et al, 1989 (Oberley & Spitz, 1984 (Oberley & Spitz, 1984) . These reagents, contained in a 0-8 ml solution, were added to 01 ml of the tissue homogenate. NBT 
Lipid peroxide
Lipid peroxidation in corpora lutea was assessed by the thiobarbituric (TBA) reaction, which measures the secondary product of peroxidation, malondialdehyde (MDA) (Ohkawa et al, 1979) . Corpora lutea were hom¬ ogenized with a Teflon-Potter homogenizer in ice-cold 115% KC1 with 15-20 strokes. To 01 ml of a 10% (w/v) tissue homogenate was added 0-2 ml of 8-1% sodium dodecyl sulfate, 1-5 ml of 20% acetic acid solution adjusted to pH 3-5 with NaOH and 1-5 ml of 0-8% aqueous solution of TBA (Sigma Chemical Co., St Louis, MO, USA). The mixture was heated in boiling water for 60 min. After cooling, 10 ml of distilled water and 50 ml of a mixture of n-butanol and pyridine (15:1 v/v) were added and the mixture was vigorously shaken. After centrifugation at 5000 g for 10 min, the organic upper layer was removed and its absorbance at 532 nm was measured. 1,1,3,3-Tetramethoxypropane was used as an external standard, and the amount of lipid peroxidation was expressed as nmol MDA g~' wet weight.
Radioimmunoassays for progesterone, prostaglandin and oestradiol Concentrations of ovarian vein plasma progesterone and oestradiol were measured using a solid-phase kit (Diagnostic Products Co., Los Angeles, CA, USA) in which the steroid antibody is covalently bound to the inner surface of polypropylene assay tubes (Dharmarajan et al, 1989) . All samples and standards (100 pi) were assayed in duplicate. The sensitivity was 005 ng ml" ' and the intra-and interassay variations were 7-5 and 6-6%, respectively, for progesterone and were 6-8 and 44%, respectively, for oestradiol. Concentration of prostaglandin F metabolite (PGFM) was measured by methods previously described (Dubin el al, 1979 Endogenous oestradiol production. Oestradiol implants significantly suppressed endogenous oestradiol production during mid-pseudopregnancy. Ovarian venous oestradiol concentrations ranged from 2950 + 390pg ml-1 in control (sham implant) animals to 370 + 3-6pg ml"1 in animals with intact oestradiol capsules at the time of laparotomy (group 1). The associated per¬ ipheral plasma concentrations of oestradiol were 170 + 50 pg ml ' in control and 33-6 ± 5-3 pg ml"1 in group 1 animals. When oestradiol capsules were removed at 12, 24 or 72 h before laparotomy (groups 2, 3 and 4) or were removed and then reimplanted (group 5), oestradiol con¬ centrations in ovarian venous plasma were significantly higher than those of animals with intact capsules (group 1) (P < 005) (Fig. 3) . Corresponding peripheral concentrations of oestradiol were 18-7 ± 2-6, 14-0 ± 1-7, 11-6 ± 0-9 and 22-6 + 1-1 pgmP1 for groups 2, 3, 4 and 5, respectively. Progesterone production. There was no difference in ovarian venous progesterone concen¬ trations on day 10 of pseudopregnancy between control and oestradiol-treated, capsule-intact animals (group 1). Progesterone concentrations had significantly decreased when ovarian vein blood was collected 12 (group 2), 24 (group 3) or 72 h (group 4) after capsule removal (P < 0001). However, when exogenous oestradiol support was reinstated for 48 h having been withdrawn for 24 h (group 5), progesterone concentrations approximated those measured in animals that had not been deprived of oestradiol (Fig. 4a) .
Ovarian venous prostaglandin F2u metabolite (PGFM). In contrast to its influence on progester¬ one production, oestradiol capsule placement, withdrawal with or without reimplantation had no effect on PGFM concentrations (Fig. 4b) . There was no correlation between concentrations of progesterone and PGFM among the various subgroups. These findings were similar to those obtained in corpora lutea undergoing natural regression.
Activity ofMn SOD. Activity of Mn SOD was low in control animals on day 10 of pseudopreg¬ nancy (Fig. 5) . The highest Mn SOD activity was in the corpora lutea of animals that had received (Fig. 6 ), when they significantly increased ( < 001). Reimplantation of the capsule for 48 h after 24 h of oestradiol deprivation resulted in higher lipid peroxide concentrations than those measured 72 h after withdrawal of exogenous oestradiol (P < 001).
Discussion
Reactive oxygen species may induce tissue injury through several mechanisms. Although 02~i s charged, it can cross plasma membranes via anion channels, directly permeate defined lipid bilayers or gain access to intracellular sites as the uncharged H02* (Weiss, 1986) . Hydrogen peroxide is a small, neutral molecule that has a permeability constant across membranes that is comparable to that of water (Chance et ai, 1979 (Freeman & Crapo, 1982) . In addition to the antioxidant compounds of tocopherol and ascorbate, the ovary contains SOD, catalase and glutathione peroxidase which enzymatically inactivate these highly toxic oxygen metabolites. Superoxide dismutase, the specific inhibitor of Superoxide anión radical, has been isolated in several forms, which differ in their transition metal at the active centre and in their cell location. Copper-zinc SOD is primarily found in the cytosol and extracellular space, whereas Mn SOD is isolated in the mitochondrial matrix (Fridovich, 1986) . The latter metalloenzyme is of particular relevance to corpus luteum function, for oxygen free radicals are produced not only by leucocytes but also by the mitochondrial electron-transport system and cytochrome P450scc (Freeman & Crapo, 1982; Weiss, 1986 (Sinet & Garber, 1981) . In addition, the toxic hydroxyl radical may be produced by the Haber-Weiss reaction when H202, the end-product of SOD, reacts with 02~i n the presence of iron (Fridovich, 1986) . Without the pres¬ ence of sufficient activity of the cytosolic enzyme, catalase, H202 generated in the dismutation reaction could itself inhibit progesterone production (Riley & Behrman, 1991) . Recent data suggest that H202 may affect progesterone synthesis by blocking the transfer of intracellular cholesterol to mitochondria or the translocation of cholesterol across the outer mitochondrial membrane .
The results of this study demonstrate the existence of a dependent relationship between Mn SOD activity and progesterone secretion in both natural luteolysis and regression induced by oestradiol deprivation. Concentrations of Mn SOD and progesterone production were high on day 11 of pseudopregnancy in the animals studied in Expt 1. The significant decline in SOD activity on days 15 and 20 was matched by a fall in progesterone production by the ovary. In the capsule model, oestradiol deprivation of the corpus luteum for 12 or more hours at mid-pseudopregnancy resulted in the expected fall in progesterone secretion (Dharmarajan et ai, 1991) (Dharmarajan et ai, 1992 (Dharmarajan et ai, 1989) . The lack of correlation between the activity of the free-radical scavenger and prostaglandin metabolites would have been impossible to demonstrate if luteolysis had been initiated by prostaglandin administration rather than oestradiol deprivation. The use of prostaglandins may have created conditions that are not necessarily characteristic of natural luteo¬ lysis, for complex interactions exist among reactive oxygen species and the products of the lipoxygenase and cyclooxygenase pathways (Hemler et ai, 1979; Parente, 1982 ).
An increased production of lipid peroxide was not noted in corpora lutea obtained during late pseudopregnancy, but, in the oestradiol deprivation model, luteal tissue lipid peroxide increased if the steroid capsule had been removed 72 h before sampling. This rise was not seen 24 h after capsule removal, although the decline in progesterone secretion had occurred by this time. Previous data concerning natural and prostaglandin-induced luteal regression in rats revealed that lipid peroxides increased after the initial decline in progesterone secretion was measured (Sawada & Carlson, 1985 . This temporal relationship suggests that lipid peroxidation is not responsible for initiating the functional changes associated with luteolysis, although membrane breakdown is an important feature of regression.
High concentrations of lipid peroxide were noted in animals of group 5 that experienced oestra¬ diol deprivation followed by restoration of exogenous oestradiol support for 48 h before collection of corpora lutea. The reason is not readily apparent, but may be associated with an impaired ability of the luteal cell that had been previously damaged by oestradiol deprivation to detoxify reactive oxygen species. The heightened metabolic state of rabbit mitochondria that occurred with replace¬ ment of the major luteotrophic hormone, oestradiol, caused a proportional increase in production of 02 and H202 (Dryer et ai, 1980) . Nevertheless, the activity of Mn SOD did not approximate to that measured in animals receiving continuous oestradiol support and may reflect insufficient scavenging ability to prevent lipid oxidation. This hypothesis requires further investigation.
The results from the present study demonstrate a relationship between oestradiol concen¬ tration, Mn SOD activity and progesterone production in corpora lutea of pseudopregnant rabbits undergoing natural luteolysis and demise induced by depletion of oestradiol. A decline in antioxidant capability of the regressing corpus luteum may result in increased local concentrations of oxygen free radicals, which stimulate functional and structural regression. If so, it is achieved through mechanisms that do not result in heightened production of prostaglandin F metabolites. The association between changes in luteotrophic stimulation by oestradiol and Mn SOD activity suggests that oestradiol may regulate corpus luteum steroidogenesis through this Superoxide scavenger, which is primarily localized to the mitochondrial matrix of cells.
